The reaction paths for formation and isomerization of a set of silica Si m O n (m ) 2,3, n ) 1-5) nanoclusters have been investigated using second-order pertubation theory (MP2) with the 6-31G(d) basis set. The MP2/ 6-31G(d) calculations have predicted singlet ground states for all clusters excluding Si 3 O 2 . The total energies of the most important points on the potential energy surfaces (PES) have been determined using the completely renormalized (CR) singles and doubles coupled cluster method including perturbative triples, CR-CCSD(T) with the cc-pVTZ basis set. Although transition states have been located for many isomerization reactions, only for Si 3 O 3 and Si 3 O 4 have some transition states been found for the formation of a cluster from the separated reactants. In all other cases, the process of formation of Si m O n clusters appears to proceed without potential energy barriers.
I. Introduction
Si m O n clusters have played a key role in the synthesis of silicon nanostructures. One-dimensional silicon-silica and silicon-carbon-silica nanowires and nanotubes of various shapes and structures have been synthesized under hightemperature conditions. [1] [2] [3] [4] [5] Bulk-quantity Si nanowires 1, 2 have been synthesized by thermal evaporation of powder mixtures of silicon and SiO 2 or by thermal evaporation of silicon monoxide. 3 Initially, SiO vapor is generated from a powder mixture and condensed on the substrate, with Si nanoparticles and nanowires surrounded by shells of silicon oxide. The silica content in the starting Si/SiO 2 reaction mixture appears to be a key factor in nanowire growth and structure. 1, 2 Surface thin Si x O structures function as catalysts on the tips and form SiO 2 structures, which retard the lateral growth of the nanowires. It has also been demonstrated 3 that SiO can contribute to the formation of SiC multiwall nanotubes and nanowires and SiCSiO x nanowires in thermochemical reactions with multiwall carbon nanotubes.
The structures and properties of Si m O n clusters have therefore been studied intensively by photoelectron spectroscopy [6] [7] [8] [9] and by several theoretical approaches. 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] On the basis of the vibrationally resolved PES spectra, Si 3 O 3 and Si 3 O 4 clusters are proposed to have closed-shell electronic structures.
The experimental studies have been accompanied by theoretical quantum-chemical calculations 7, 9 on a set of Si m O n -and Si m O n clusters using second-order perturbation theory (MP2) 21 and the 6-311+G(d) basis set. 22 This combination of experiments and quantum-chemical calculations allowed the authors to interpret the main features of the PES spectra and to extract the adiabatic electron affinities of neutral Si m O n clusters.
Previous theoretical studies have predicted the atomic structures of Si m O n -and Si m O n clusters [7] [8] [9] [10] [14] [15] [16] 18, 19 at various levels of theory. These include density functional theory (DFT) 10, 14, 16, 19 and such correlated ab initio approaches as MP2, multireference second-order perturbation theory, quadratic configuration interaction (QCISD(T)), and coupled cluster (CCSD(T)) methods. [7] [8] [9] 15, 18 Several differences among these methods are apparent, even in the lowest-energy spin state of some Si m O n clusters, as well as in the equilibrium geometry of the complexes. For example, a recent study 19 predicted a singlet electronic ground state for the pyramidal global minimum of Si 3 O 2 , in contrast with earlier results 9, 18 in which a triplet global minimum was predicted for the flat pentagon structure. This can be attributed to the importance of electron correlation in correctly predicting the electronic structure of silica clusters. 20 The reactivity and cohesion energies 13 of a set of Si m O n (n,m ) 1-8) clusters and reaction paths for assembling Si m O n clusters have also been studied. 19 Zhang et al. 13 have used the B3LYP functional 23 with the 6-31G(d) basis set, as well as the G2MP2 method. 24 Adamovic and Gordon 20 employed multireference perturbation theory and CCSD(T) extrapolated to the complete basis set limit to study the competing Si + O 2 reactions on the singlet and triplet surfaces. All of these studies showed that dynamic correlation clearly plays an important role in such systems. The aim of the present paper is to study structures, transition states, relative energies, and formation reaction paths at the MP2 and CCSD(T) levels of theory for Si 2 Although some of the species considered in the present work have been discussed previously, there has not been a comprehensive study of these systems. Some theoretical studies 25 considered the structures and vibrational spectra of SiO and Si 2 O 2 . The SiO dimer is postulated to be a ring species with D 2h symmetry. 26 Most theoretical studies on Si 2 O 3 have been concerned with the high-energy, multiconfigurational, propellane-like structure, in which the Si atoms are connected by three bridging O atoms. [27] [28] [29] The global minimum Si 2 O 3 structure was found to have an O atom bound to rhombic Si 2 O 2 , both in the experimental work of Wang et al. 30 and in a recent comprehensive theoretical study by Lu et al. 19 The geometry, energy, and vibrational frequencies, at the Hartree-Fock level of theory, were determined for the D 2h global minimum and C 2V transition state of Si 2 O 4 in a study by Ystenes. 31 The D 2h structure was also found to be the global minimum in the recent study by Lu et al. 19 Presented here is a systematic investigation of the growth reactions for the family of Si m O n (m ) 2-3, n ) 1-4) species. This study is organized as follows: Section II describes the computational methods, followed by results and discussion in Section III. Conclusions are presented in Section IV.
II. Computational Details
To calculate the electronic structure of silica nanoclusters, the general atomic and molecular electronic structure system (GAMESS) 32 code has been used. Geometry optimizations and transition state searches have been performed using the MP2/ 6-31G(d) level of theory; for isomer 3 of Si 2 O 3 , density functional theory (DFT) 33 using the B3LYP functional was also employed. 33 Coupled cluster calculations have been performed at the MP2/6-31G(d) geometries using the completely renormalized coupled cluster approach with singles, doubles, and perturbative triples (CR-CCSD(T)) 34 with the correlation consistent cc-pVTZ basis set 35, 36 to obtain improved energies of all minima and transition states. Because isomer 3 of Si 2 O 3 is very configurationally mixed, multireference second-order perturbation theory (MRMP2) 37 was also used to obtain energy corrections for this species.
All transition states and minima have been confirmed by the calculation and diagonalization of the appropriate Hessian matrix (matrix of energy second derivatives). For DFT and MP2, Hessians were obtained by taking finite differences of analytic gradients. TCSCF analytical Hessians can be obtained using the corresponding generalized valence bond (GVB) 38 method. The reaction enthalpies were corrected for zero-point energy (ZPE) and temperature effects.
The intrinsic reaction coordinate (IRC) method has been employed with the Gonzales-Schlegel second-order integration method 39 to ensure that each transition state joins two appropriate local minima along the potential energy surface. A useful diagnostic to assess the multireference nature of unusual structures is to examine the MP2 natural orbital occupation numbers (NOON). 40 A closed-shell, single configuration is indicated by NOON that are ∼2.0 and 0.0 for occupied and virtual orbitals, respectively. Significant deviations from these values (∼0.1) indicate some degree of multireference character in the wave function.
III. Results and Discussion
(a) SiO + SiO f Si 2 O 2 . Since all molecules involved in this reaction are closed-shell (Hartree-Fock like) systems, single reference methods were used for all of the calculations. Optimizations were accomplished with MP2/6-31-G(d), and energy corrections were taken into account with CCSD(T)/ cc-pVTZ. Figure 1 gives a schematic of reaction (a) and reactant and product structures. The lowest-energy product has D 2h symmetry, in agreement with previous studies. Other isomers were not considered, since they are much higher in energy. An MP2 optimization initiated with two SiO molecules ∼3 Å apart, as represented in Figure 1 Figure  2 . The global minimum is isomer 1 (open). This is in agreement with Wang et al. 30 and Lu et al. 19 The relative energies of all seven isomers, using various levels of theory, are given in Table 1 . Most of these methods give the same energy ordering, with the open structure being much lower in energy than any other isomer. For the most part, MP2/ 6-31G(d), CCSD(T)/cc-pVTZ, and CR-CCSD(T)/cc-pVTZ relative energies are in reasonable agreement. The basis set effect (from 6-31G(d) to cc-pVTZ) is usually on the order of ∼3 kcal/ mol. The biggest disagreement between MP2 and CC methods occurs for isomers 3 and 5 (∼10 kcal/mol), the two most multiconfigurational isomers. For the tricycle isomer, an MRMP2/6-31G(d) single-point energy correction, at the MCSCF optimized geometry, gives a relative energy of ∼37.7 kcal/mol. This value may be too low, on the basis of the CR-CCSD(T)/ cc-pVTZ relative energy of 61.3 kcal/mol.
Analysis of the Hessian matrix shows that the open isomer is a minimum on the potential energy surface at most levels of theory. Although the TCSCF numerical Hessian has one imaginary frequency of 1422 cm -1 , the equivalent analytical GVB Hessian has no imaginary frequencies. It is therefore concluded that the TCSCF Hessian has numerical errors, and the GVB analytic Hessian was used for all isomers. All other isomers are minima, except for 6 (circle1), which has one imaginary frequency at all levels of theory except HF, and tricycle with one imaginary frequency at the HF level of theory. The linear isomer does not exist at the HF level (it dissociates to SiO + SiO 2 ) and has 5, 4, 4, and 2 imaginary frequencies at the DFT, MP2, TCSCF, and GVB levels of theory, respectively.
Next, consider the TCSCF natural orbital occupation numbers (NOON). Significant multiconfigurational character was found Figure 3 gives the MP2/6-31G(d) geometrical parameters for the Si 2 O 4 D 2h isomer. A C 2V structure lies 79.6 kcal/mol above the global minimum, at the MP2/ 6-31G(d) level of theory. The CCSD(T)/cc-pVTZ//MP2/ 6-31G(d) relative energy is 84.0 kcal/mol. The C 2V structure has 2 imaginary frequencies, so it is a second-order saddle point. If the C 2V structure is optimized in C s symmetry (breaking C 2V symmetry), it goes directly into D 2h without any barrier, as found previously. 31 Figure 3a However, the global minimum, D 2h , is much lower in energy, and the C 2V structure is a second-order saddle point. So, the C 2V species is dynamically unstable, and vibrations of this structure should easily lead to the global minimum. Figure 4 ) for the singlet ground state. The doubly bridged GS1 isomer appears to be the global minimum on both the MP2 and CR-CCSD(T) potential energy surfaces. The cyclic GS2 isomer is 19.7 (18.7 at the MP2 level) kcal/mol higher in energy than GS1, with GS3 and GS4 considerably higher. Isomers GS1-GS4 have MP2 NOON for the highest occupied molecular orbital (HOMO) in the range 1.90-1.93, reasonably close to the single configuration values of 2.0. It was not possible to determine the MP2 geometry for GS5 because the underlying HF calculations did not converge. Instead, the geometry of this structure was determined using DFT/B3LYP. The rather high CR-CCSD(T) relative energy for this species was then determined at the B3LYP geometry.
Transition states connecting the minima in Table 2 are listed in Table 3 . TS3 has the smallest MP2 NOON for the HOMO. This may explain why the reverse barrier for TS3 disappears when single-point CR-CCSD(T) calculations are performed at the MP2 geometry. Another reason may be the use of the B3LYP GS5 geometry.
Note that all transition states listed in Table 3 correspond to isomerization reactions. A wide search for transition states, intermediates, and IRC calculations has led to the conclusion that no barriers exist for the formation of Si 2 O 5 from SiO 2 + SiO 3 , even though several possible pathways have been explored. Indeed, an MP2 optimization initiated with separated reactants (SiO 2 + SiO 3 ) ∼4 Å apart goes directly to the GS1 structure with no barrier. The CR-CCSD(T) ∆E for the reaction SiO 2 + SiO 3 f Si 2 O 5 is -102.5 kcal/mol. The corresponding MP2 value is -101.3 kcal/mol.
The global minimum GS1 can isomerize to GS2 through transition state TS1, with heights of forward and reverse CR-CCSD(T) barriers of 81.8 and 62.1 kcal/mol, respectively. GS2 can isomerize to GS5 and GS3 via transition states TS3 and TS2, respectively. Breaking the O-O bond via TS3 and creation of an equivalent O-O bond from the other side of the molecule generates an equivalent GS2 structure. Tables 4 and 5 , respectively. A schematic of the potential energy surface is given in Figure 5 . GS6 is predicted by both MP2 and CR-CCSD(T) to be the global minimum on the singlet surface, with CR- CCSD(T) relative energies of 12.4 and 19.7 kcal/mol, respectively, for GS7 and GS8. All three isomers have MP2 HOMO NOON greater than 1.9, suggesting that they are close to closedshell species.
All transition states listed in Table 5 have MP2 NOON greater than 1.9. The search for transition states, intermediates, and IRC calculations suggests that no barriers exist for the reaction SiO + Si 2 f Si 3 O. The MP2 optimization initiated with reactants Si 2 + SiO ∼4 Å apart goes directly to the GS6 structure with no barrier.
IRC calculations confirm that the global minimum GS6 can isomerize to GS7 via TS4, with a CR-CCSD(T) barrier of 25.8 kcal/mol. The isomerization of GS6 to GS8 via TS5 has a barrier of 24.1 kcal/mol.
(f) Si 3 O 2 .
Closed-and open-shell (S ) 1) MP2/6-31G(d) calculations have been performed to determine the nature of the ground electronic state. It has been predicted that the global minimum Si 3 O 2 structure is a triplet. Since the CR-CCSD(T) method is currently available only for closed shells, the CR-CCSD(T) calculations were performed only for the singlet states. Since the MP2 and CR-CCSD(T) energy orderings are similar for the other species, MP2 relative energies are also expected to be reliable here. The Si 3 O 2 singlet and triplet energy minima and transition states are presented in Tables 6 and 7 , respectively. GS15 (S ) 1) is predicted to be the global minimum, 6.8 + 4.9 ) 11.7 kcal/mol lower in energy at the MP2 level of theory than the corresponding singlet isomer (GS11) and 4.9 kcal/mol lower in energy than the lowest-energy singlet, GS9. One other singlet, GS10, and one other triplet, GS16, have small MP2 relative energies of 11.1 and 16.9 kcal/mol, respectively. Isomers GS9-GS13 (S ) 0) have the same energy order at both the MP2 HOMO and CR-CCSD(T) levels of theory. All singlet isomers GS9-GS13 have MP2 NOON in the range of 1.92-1.95, so these are essentially closed-shell species.
The search for transition states, intermediates, and IRC calculations suggests that no barriers exist for the formation reaction (SiO + Si 2 O f Si 3 O 2 ) of the singlet GS11 state. Several MP2 optimizations initiated with separated Si 2 O + SiO in the singlet state ∼4 Å apart go directly to the GS11 structure with no barrier. The CR-CCSD(T) (MP2) energy difference for the reaction Si 2 O + SiO f Si 3 O 2 ) -35.3 (-36.9) kcal/mol. Similarly, GS9 forms with no intervening barrier, starting from SiO + Si 2 O, separated by ∼3 Å.
The CR-CCSD(T) GS11 f TS6 barrier is negative. This suggests that either the location of the transition state shifts at the higher level of theory or the CR-CCSD(T) barrier does indeed disappear. For the isomerization GS11 f GS10, the MP2 barriers in both directions are very small, ∼2 kcal/mol. So, there must be a very flat potential energy surface in this region. For all singlet Si 3 O 2 transition states, the MP2 HOMO NOON are in the range 1.91-1.94. The MP2 IRC calculations show that GS10 can isomerize to GS11 via transition state TS6 and to GS12 through TS7. It is useful to note that two couples of isomers (GS11 (S ) 0)-GS15 (S ) 1) and GS12 (S ) 0)-GS17 (S ) 1)) have similar atomic structures, so that structures could be connected via singlet-triplet crossing involving TS8 (S ) 1). Tables 8 and 9 , respectively. A schematic of this section of the potential energy surface is shown in Figure 6 . Singlet GS18 is the lowest-energy isomer on both the MP2 and CR-CCSD(T) potential energy surfaces, and all other isomers are much higher in energy. The singlet-triplet splitting for the lowest-energy singlet and triplet isomers is 64. (T) and MP2 levels, respectively. This reaction occurs with no barrier if the reactants are separated by ∼3 Å.
TS9 and TS17 connect IM1 with GS19 and GS24, respectively. The energy barrier for the former transformation is very small ( Table 10 ), while that for the latter is more than 40 kcal/ mol. So, IM1 is most likely to transform to GS19. An additional transition state may connect GS19 with global minimum GS18, but such a structure was not found. There is a "direct" transition state (TS13) for the reaction Si 2 O 2 + SiO f Si 3 O 3 (SiO interacts with "triangle" Si 2 O 2 isomer) that does not require passing through an intermediate structure. The CR-CCSD(T) barrier for this reaction is only 15.5 kcal/mol, but the product is isomer GS27. Since this isomer is very high in energy, it is probably not directly involved in the experimentally observed processes. Two transition states for the reaction 3SiO f Si 3 O 3 (TS16 and TS18) (Figure 3 ) connect the reactants with GS23 and GS24, respectively. The 3SiO f TS16 CR-CCSD(T) barrier is negative, and the CR-CCSD(T) barrier for 3SiO f TS18 is 15.6 kcal/mol. Tables 10 and 11 , respectively, and a schematic of the PES is shown in Figure 7 . The singlet GS29 is predicted by both MP2 and CR-CCSD(T)//MP2 to be the lowest-energy isomer. The singlet-triplet splitting for the lowest singlet and triplet states is 64.5 kcal/mol. All isomers except GS36 have MP2 HOMO NOON in the range of 1.91-1.95. For GS36, the HOMO NOON is 1.81, indicating significant multi-configurational character.
TS20 is predicted by both MP2 and CR-CCSD(T)/MP2 to be the lowest-energy transition state. For all TSs, excluding TS21, the MP2 HOMO NOON are in the range 1.91-1.95. TS21 has the MP2 HOMO NOON ) 1.87.
The search for intermediates and transition states has shown that there is an intermediate structure IM2 for the reaction Si 2 O 3 + SiO f Si 3 O 4 (GS29, planar rhombic isomer of Si 2 O 3 , Figure  4 ). The CR-CCSD(T) (MP2) energy of formation for GS29 is -10.8 (-11.8) kcal/mol. There are two reaction paths for the formation of the global minimum isomer GS29. The first of these connects the intermediate IM2 with GS36 through transition state TS19; this is followed by isomerization of GS36 to GS29 through TS22. The second route connects IM2 with GS30 through the transition state TS28 and GS30 with GS29 through TS20. The second route is preferable due to the lower energy barriers on the reaction path. No barrier has been detected that connects IM2 with the reactants. The transition states TS21, TS23, TS24, TS25, TS26, and TS27 describe a set of isomerization reactions of Si 3 O 4 clusters.
IV. Conclusions
Only the largest Si 3 20 on the formation of SiO and SiO 2 also showed that these reactions occur with no reaction barrier. This leads to the conclusion that small Si-O clusters have a strong thermodynamic driving force for "growing" into bigger clusters. This has also been noted in a recent paper by Zhang et al. 44 It may be anticipated that as the values of m and n increase, one will find an increasingly complex energy landscape, with intermediates and transition states.
For most of the species studied here, single configuration methods appear to be reasonable, so methods such as MP2 and 
